Abstract: As more and more U.S. companies are looking to convert from ASTM to ISO standards for materials development, testing, and analysis in order to gain greater opportunities and compete more effectively in the global market, it has become increasingly important to deal with the concerns raised during the conversion process, so that the differences can be reconciled and harmonies can be brought into the two sets of standards.
Introduction
In recent years, demands have increased in using polyamide (PA) and polyethyleneterephthalate (PET) products to replace certain metal structures in the automotive vehicle air induction and power train systems, lawn/garden and power tools [1] [2] . An average car uses 18 kg of PA and 3 kg of PET. With the annual vehicle production at nearly 12 million, the needed amount of PA is more than 200 million kg and more than 45 million kg for under-the-hood applications alone [3] . The design of these components, especially those critically stressed parts such as vibration welded air intake manifolds [3] [4] , door and instrument panels, requires advanced analyses of structure [5] [6] , NVH, welded joints [3] , service life [7] , and expansion in the envelope of the mechanical behavior to the new level for sophisticated and accurate evaluations of PA and PET.
Concurrent engineering design involving thermoplastic materials relies on information concerning short-and long-term mechanical properties under a wide range of loading and environmental conditions [2] and correct methods of analysis [5] for predicting the mechanical performance of the injection molded parts [8] [9] .
The influence of time-temperature effects on the tensile strength and tensile-tensile fatigue behavior of short-fiber reinforced polyamides (PA 6 and PA 66) has been reported before [7] , and it was found that at room temperature (23°C), the tensile strength of these two thermoplastics are virtually the same. This result has made it possible to simplify our analysis by focusing the compatibility study of tensile properties for one of the two PA plastics mentioned above. The focused tensile property analysis of PA 6 based thermoplastics was presented before [10] . The current paper has extended the scope of that analysis to include other important information from the tensile property testing and analysis.
ISO or ASTM
In the environment of world wide economy, it is increasingly critical for companies with international businesses to have access to reliable and comparable material properties data [6, [11] [12] for the product re-design and new product development [13] [14] . As the complexity in thermoplastic products is growing, the role of material property testing is gaining importance as well. Today's product designer and toolmaker must consider not only the performance requirements for the injection molded parts, but also the properties of thermoplastics with which the products are made. Certain goals in product design, such as weight reduction, time and cost savings, can only be achieved when considerations in different design areas are combined and optimized [5] [6] [13] [14] [15] [16] .
In this situation, global standardization is playing a more important role than ever in facilitating product manufacturing, marketing, and sales [17] . The widely published testing procedures and specifications for plastic materials by the American Society for Testing and Materials (ASTM, Committee D-20 on Plastics) and the International Standard Organization (ISO) have helped product developers, designers, and molders to establish correct and useful baselines. An important development in the standardization area is the fact that the American automotive industry has become one of the first to require ISO test procedures for material and product qualifications [18] when the majority testing in the North America is still conducted using ASTM standards. The United States Council for Automotive Research (USCAR) recommended the manufacturers of thermoplastic products to fully convert to ISO test procedures by June 1998.
The decision for this conversion will no doubt have a major impact on material suppliers, molders, designers, and end users when most of the material and product information accumulated for decades and still in use was obtained using ASTM procedures [18] . The current investigation is part of our effort in assisting this transition. The tensile properties of thermoplastics were analyzed not only for the purpose of comparing the ASTM and ISO tensile test procedures, but also because of the importance of tensile properties in the product design.
The current investigation has been focused on the tensile property measurements of PA and PET based thermoplastics. Material parameters obtained using ISO and ASTM specimens and test procedures were compared for their similarities and differences. Analyses were also made on two important aspects of the tensile property measurements, one was the use of extensometer, and another, the effect of grips and gripping on the accuracy of Young's modulus. The purpose of the investigation and analyses is to provide the product designers, product developers, and testing community alike with a guidance in correctly obtaining and interpreting their test results
Materials
The thermoplastics used in this investigation were heat stabilized, unfilled and glass and/or mineral filled polyamide (PA) 6 and polyethyleneterephthalate (PET). Materials were injection molded into ISO multipurpose (ISO 3167:1993 (E)) and ASTM Type 1 and Type 2 (ASTM D 638-97) specimens according to the procedures specified in ISO 294-1, ISO 294-2, ASTM D 3641 and ASTM D 4066. All specimens were sealed (see ASTM D 3892) prior to testing in order to maintain their dry-as-molded (DAM) conditions.
Test Procedures
The tensile property tests were conducted using Instron 4505. Most tests were conducted under standard laboratory conditions (temperature = 23 ± 2°C; relative humidity = 50 ± 5%) on dry-as-molded samples. Some samples were also tested at different temperatures (-40°C and 150°C) using an environmental chamber attached to the Instron. The temperature inside the chamber was controlled at ± 2°C within the set point.
Each sample was tested at two crosshead speeds: 1 and 5 mm/min for filled materials, and 1 and 50 mm/min for unfilled materials. The 1 mm/min speed was used to obtain the Young's modulus, while the 5 or 50 mm/min speed was used to obtain other tensile properties such as tensile strength, stresses and strains at yield and break. The tensile strain was measured from the narrow section of each specimen using a clip-on extensometer (ISO 9513 and ASTM E83) with a gage length of 50.8 mm. In some cases the crosshead position was also recorded and used to calculate the apparent strain and modulus, as discussed later.
The test control and data acquisition were achieved using Instron Series 9 software. The material parameters for tensile properties, such as tensile strength (σ M ), tensile strain at tensile strength (ε M ), stress at break (σ B ) and strain at break (ε B ), were obtained according to the definitions in ASTM D 638 and ISO-527 1 . The Young's modulus, E, was calculated according to the definition in ISO-527, which gives
where ε 1 = 0.0005, ε 2 = 0.0025, and σ 1 , σ 2 = stresses at ε 1 and ε 2 , respectively. For each sample, a minimum of five specimens were tested under a given condition. The sample mean and sample standard deviation were calculated for each parameter of tensile properties (Table 1) .
Results and Discussions

Tensile Properties by ISO and ASTM Standards
In Figures 1 to 3 , properties obtained using ISO specimens were plotted against those obtained using ASTM (Type 1) specimens. The solid line, Y = X, indicates on the graph where the two sets of property values are equal to each other. For the tensile strength ( Figure 1 ) and strain at tensile strength (Figure 2 ), the closeness of the data points to this line suggests that the properties obtained using the two standards are practically the same. In fact this was found to be the case for the entire stress-strain relationship [10] .
The difference, on the other hand, apparently exists in the Young's modulus where numbers from ISO specimens are often higher than those from ASTM specimens ( Figure  3 ). This difference can be quantified by calculating the ratio between the two sets of modulus numbers using linear regression (Table 2) . Ratios were also calculated in the same way for other properties ( Table 2 ). The results indicate that, among the materials in the investigation, the ultimate stresses (σ M and σ B ) obtained from ISO specimens are on average 2 ~ 3% higher than those from ASTM specimens, and 8% or more can be received from the modulus when test is done on ISO specimens. On the other hand, opposite trend was found in tensile strains where the numbers for ε M and ε B are 5 ~ 6% lower in ISO specimens.
Despite the small difference in the nominal cross-sectional areas (10 mm × 4 mm = 40 mm 2 for ISO, 12.7 mm × 3.18 mm = 40.4 mm 2 for ASTM Type 1), the different linear dimensions of the two specimens (e.g., the ASTM specimen is wider but thinner than the ISO specimen) might have had an impact on the injection molding process and the distribution of the reinforcement, especially the orientation and distribution of glass fibers. If so, this may be enough to cause a difference in the measured properties. The fact that the deviation in the modulus tends to increase with the amount of glass fibers ( Figure 3 ) further suggests such a possibility. elongation measurement, use of such device may not always be possible or convenient. At low temperature (e.g., -40°C), certain mechanisms in the extensometer tend to be frozen and the surface of the specimen can be slippery, making the extensometer difficult to attach or operate. At high temperature, handling of the extensometer may also be proven to be difficult for the lab operator, especially when limited to the tight space in the chamber [20] . Without extensometer, however, one must find alternatives with which the elongation, strain, and modulus can be calculated. The purpose of this section is to analyze such an alternative and estimate the errors associated with the measurement method.
Next to the use of extensometer, the obvious way of obtaining tensile strain is to calculate the change in so-called grip to grip distance, ∆L, as shown in Figure 4 . In reality, however, ∆L rarely gets measured directly; instead it is the change in the crosshead position, ∆X, that is recorded and used in the strain calculation. For the purpose of the current discussion, the strain based on ∆X is called apparent strain, which is defined as ε a = ∆X / L. The apparent modulus, on the other hand, can be defined as
where ε a1 = 0.0005, ε a2 = 0.0025, and σ a1 and σ a2 are stresses at ε a1 and ε a2 , respectively.
Figure 4 --Tensile Specimen and Test Setup (ISO 527-2:1993(E); Table 4).
To substitute ε and E with ε a and E a , one may encounter errors in two ways: (1) Unlike in the section defined by the gage length L 0 , the stress and strain in L is not always simple and uniaxial, especially at the vicinity of the grips where complex stress and strain distribution is expected; (2) Use of ∆X will include the deformation of the testing machine in the strain calculation, making the results machine dependent, therefore less reliable and less reproducible.
To quantify the above analysis, notice first that the ∆X can be expressed as
where ∆S is the total machine deformation which may include deformation from the loadcell, the crosshead beam, and the grips and connectors. Assume further that the stress and strain are uniform across any cross-section in L, and the contributions by other stress components to the specimen elongation are negligible. In this case one may have
where 
The definitions of parameters in Eq.(5), b 1 , b 2 , l 1 , l 2 , and r, are consistent with those given in ISO 527-2:1993(E) (Figure 4 ). To derive Eq.(5) it was also assumed that ∆L and ∆L 0 are both proportional to the applied load, i.e. the material is essentially elastic. The analysis below is therefore restricted in the region where the stress and strain are linearly related 2 . The numerical values for m for different types of tensile specimens are shown in Table 3 .
Furthermore, assume that the overall deformation of the machine, ∆S, is proportional to P, Eq.(3) can then be written as
where s is defined as system compliance. With the help of Eq.(6), the apparent strain can be expressed in terms of the "real strain" ε as
where A = b 1 ·h = initial cross-sectional area. Using Eq. (7), the change in ε a can be related to changes in σ and ε, i.e., ∆ε ∆σ ∆ε
. This relationship can be applied to express the apparent Young's modulus in terms of the "real modulus" E:
where the assumption is made for ∆σ/ ∆ε = (σ 2 -σ 1 )/ (ε 2 -ε 1 ) = E. In situations where E a , rather than E, is obtained, Eq.(8) can be rearranged to give an estimate on E once the system compliance s is known. In this case, one has that
In this equation, the symbol ′ E has been used in order to differentiate its value from the original E obtained in Eq.(1). To see how the above analysis can be applied, one may follow the steps outlined below:
(1) Obtain the numeric data for ∆X i , ∆L 0i , and P i , where i = 1, 2,…,n, and n is the total sampling points;
(2) Calculate a new data series, ∆X i − m⋅∆L 0i = (∆X − m⋅∆L 0 ) i , where m is obtained from Table 3 according to the type of the specimen (ISO or ASTM); (3) Run a linear regression on P i and (∆X − m⋅∆L 0 ) i in a region roughly defined by 0.0005L < ∆X i < 0.025L, or 0.0005 < ε a < 0.0025; (4) Use the slope calculated in step (3) as the system compliance, s; (5) Calculate E and E a from Eqs. (1) and (2), and calculate ′ E from Eq.(9) using s and E a .
The calculated system compliance s, is shown in Table 4 for a number of samples. Interestingly enough, the number s was found to be actually dependent on modulus E a or E, as demonstrated clearly in Figure 5 . An empirical relationship can be easily found to be
Using Eq.(10), the system compliance for each material sample was recalculated and the results (s*) can be found in Table 4 for a direct comparison with s. 1 The numeric values for E a can be found in Table 5 .
The dependence of s on E a or E raised an interesting question concerning the nature of the system compliance which was thought originally to reflect only the deformation of the testing machine, not the material properties. By measuring directly the grip separation during the course of elongation rather than relying on the return of the crosshead position ∆X, we found that most of the machine deformation, (∆X − m⋅∆L 0 ), actually occurred within the area where the specimen was clamped. It was believed that the portion of the specimen between the gripping faces contributed significantly to the overall deformation ∆X. Little surprise then that the quantity represented by (∆X − m⋅∆L 0 ), and eventually s, would be material property dependent since the grip-to-grip elongation, ∆L = m⋅∆L 0 , did not take into account the deformation of the specimen between the gripping faces.
An important implication from Eq. (10) is that one may obtain the correction for E a (i.e., ′ E ) even if the system compliance cannot be obtained from the materials to be tested. To do so, one needs to obtain at first the numerical expression in Eq.(10) by testing several controlled materials with known stress-strain relationships that allow s to be derived from steps (1) ~ (5) stated above. Once s is known and s-E a relationship is established, ′ E can be calculated using Eq.(9) for any material sample with E a obtained experimentally. ′ E represents the correction to E a , which is expected to give a modulus value much closer to E without using an extensometer. The step-by-step procedure to obtain ′ E from s and E a is summarized as follows: (A) Test controlled samples without extensometer, and obtain P i , ∆X i , and (∆X − m⋅∆L 0 ) i , where ∆L 0i can be calculated from the known stress-strain relationship; (B) Follow steps (3) to (5) above to calculate the apparent modulus E a and the system compliance s; (C) Plot s against E a , and establish the empirical relationship such as the one shown in Eq. (10) 3 ; (D) Test new samples using the same setup, and calculate E a ; (E) Calculate ′ E from Eq.(9), using s obtained from Eq.(10). A few examples of such calculations have been given in Table 5 . The effectiveness of the above procedures can be seen clearly from the calculated errors ∆(E a , E) = (E a -E) / E × 100, and ∆(E′, E) = (E′ -E) / E × 100. (Table 4) . r 2 = coefficient of correlation.
The Effect of Grips and Gripping on Modulus Measurement
One of the observations from the tensile test was that although the sample standard deviation for stress (e.g., σ M and σ B ) is normally very small, the same deviation is greater for strain, and greater still for Young's modulus. Using the coefficient of variation (CV) to characterize the data scattering, where CV = (sample standard deviation) ÷ (sample mean), it was found that CV is 0.2 ~ 1.5% for stress, 2 ~ 5% for strain, and 2 ~ 10% for modulus.
In order to understand the progressive increase in CV from stress to strain, and from strain to modulus, a closer examination was made on the stress-strain relationship between ε = 0 and 0.3% where the modulus was calculated. It was found that in many cases the behavior of the stress-strain curve was rather complicated initially around ε = 0 ( Figure 5 ). The CV for the modulus could increase significantly when this initial region extended beyond ε = 0.05%. This situation was found to be worse in some samples than in others. ∆(E a , E) = (E a -E) / E × 100; ∆(E′, E) = (E′ -E) / E × 100. 3 ASTM Type 1 and ISO multipurpose specimens, respectively (see Table 3 ).
To find out why this was the case, the specimen elongation and the applied force were compared from one sample point to the next, as shown in Figure 6 . It was noticed that, at the beginning of the tensile test, the applied force does not always increase as the position of the crosshead changes. Instead the force remains unchanged or even decreases following an initial increase. After a while it increases again and this time the change is more rapid. Corresponding to the force, the elongation measured by the extensometer also exhibits a strange pattern in the same region.
An explanation for this phenomenon can be given knowing that the force has been transferred to the specimen through a pair of wedge action, or self-tightening, grips. The decrease in force following an initial increase can be considered to be a result of the grips biting into the material (Figure 7) . The indentation by the serrated grip faces may have caused certain plastic flow on the surface of the specimen, and it apparently has been sensed by the extensometer as suggested by the elongation behavior seen in Figure 7 . The combination of the surface indentation and the surface plastic flow appears to be what gave the erroneous stress-strain behavior that in turn caused large variations in strain and modulus.
To verify this hypothesis, tensile tests were conducted on a few samples using a pair of side-action grips in which the on-going surface indentation is not an issue due to the lack of self-tightening. Figure 8 shows the stress-strain in the same region as Figure 7 . Sure enough, the force and elongation behavior that caused large errors is no longer there. The significantly reduced variability is obvious in Figure 5 where the stress-strain curves with wedge-action and side-action grips are compared. The comparison between the CV's from samples using two types of grips is given in Table 6 . The problem with using the side-action grips is that specimens with high tensile strength often slip between the grips in the mid of testing. This problem, however, should not affect the modulus measurement since the slipping usually occurs far after ε = 0.0025.
Conclusions
(1) Tensile strength and deformation parameters of PA 6 and PET obtained by ISO and ASTM methods are generally compatible; both can be used for the design of injection molded, non-reinforced and glass fiber reinforced parts and the material preselection.
(2) For the structural design of the critically stressed plastic components, design optimization for mechanical performance, weight reduction, and so on, it is very important to ensure that the accurate ISO or ASTM tensile property data is utilized.
(3) The ISO tensile test data for stress and modulus is found to be slightly higher than that of ASTM for reinforced and non-reinforced semicrystalline PA 6, PET, and amorphous PP [18] .
(4) The value of Young's modulus can be significantly affected by the method of tensile strain calculation, which can be obtained with or without an extensometer.
(5) Use of wedge-action grips may cause large variability in strain and modulus calculation, and this variability can be reduced significantly by using the side-action grips. 
The suggested tensile strains for calculating Young's modulus (ISO 527-1:1993(E)), (ε 2 -ε 1 ) = (0.0025 -0.0005), are not the best to satisfy the needs for an accurate modulus value. Practically it will be more convenient to use ε 2 = 0.005. 
